We have used a method to experimentally determine the curvature of thin film multilayers in all oxide cantilevers. This method is applicable for large deflections and enables the radius of curvature of the beam, at a certain distance from the anchor, to be determined accurately. The deflections of the suspended beams are measured at different distances from the anchor point using SEM images and the expression of the deflection curve is calculated for each cantilever. With this expression it is possible to calculate the value of the radius of curvature at the free end of the cantilever. Together with measured values for the Youngs Modulus, this enabled us to determine the residual stress in each cantilever. This analysis has been applied to Sr RuO 3 /BaTiO 3 /Sr RuO 3 , BaTiO 3 /MgO/SrTiO 3 and BaTiO 3 /SrTiO 3 piezoelectric cantilevers and the results compared to two models in which the stresses are determined by lattice parameter mismatch or differences in thermal expansion coefficient. Our analysis shows that the bending of the beams is mainly due the thermal stress generated
Introduction
There is a wide range of sensors and actuators based on micromachined cantilevers. These devices convert the mechanical vibration of a suspended beam, which may be terminated with a proof mass, into an electrical signal, which may be used to measure acceleration, vibrational frequency or even as a source of electrical power. Usually, the freedom of movement of the cantilever is guaranteed by etching a pit into the substrate and the cantilever is designed so that the curvature is minimized. When a cantilever is fabricated using a multilayer thin film structure, mechanical stresses arise between the layers as a result of a mismatch of lattice constants and thermal expansion coefficients. These result in the beam being curved rather than straight, which is undesirable for some applications. In order to control the curvature of the beam, an understanding of the stresses in the beam is required, which can be obtained from beam theory.
According to beam theory [1] , the longitudinal stress in an homogeneous deflected beam, Fig. 1 , is:
where E is the Young's Modulus of the beam, δ is the distance from the neutral axis and ρ is the radius of curvature. So the stress varies linearly along the section of the beam. In a multilayer beam, Eq. 1 is valid for each individual layer. The longitudinal stress assumes its maximum value at the bottom and top surface of the cantilever. Previously [2, 3] , the radius of curvature ρ of a deflected beam has been evaluated by measuring the deflection δ at the cantilever free end and then the following relation is used:
L is the length of the beam. This formula is an approximation valid for small deflections. For larger deflections another method has to be followed. This paper shows a straighforward way to experimentally evaluate the residual stress in released cantilevers and hence determine the residual longitudinal stress in the general case. We calculated the deflection curve of the cantilever by measuring the deflection of the beam at different distances from the anchor point. This enabled us to evaluate the radius of curvature at the free end of the structure.
The measurement of the deflection profile has been used elsewhere to estimate the curvature of suspended beams containing phase-change materials [4] . In that work the Stoney equation was used to calculate the elastic strain at the interface between a thick cantilever and a thin film grown on its top. Such treatment is only valid if the film thickness is negligible compared with the cantilever thickness [4, 5] . This restriction does not apply to our method and we demonstrate its effectiveness using multilayers to which the Stoney equation would not apply.
In this work the equations of beam theory [1] , are used to estimate the residual stress on the top surface of the fabricated cantilevers; we have used this analysis to obtain values for residual stress in all-oxide piezoelectric cantilevers. These consisted of Sr RuO 3 / BaTiO 3 /Sr RuO 3 and BaTiO 3 /MgO/SrTiO 3 multilayers which are based on lead free materials and have applications as energy harvesting devices. The use of an all oxide structure allows the layers to be grown epitaxially, which enables us to exploit the anisotropy of piezoelectric oxides in device design. We found that the first structure can be used to produce energy harvesting devices working in the d 31 mode because the polar axis is perpendicular to the surface of the film (out of plane), while the second structure can be used for the d 33 energy harvesting mode [6, 7] as the polar axis is parallel to the surface of the film (in plane). The maintenance of epitaxy throughout the structure requires us to use an oxide sacrificial layer. Residual stress investigations have been also performed on BaTiO 3 /SrTiO 3 cantilevers, these structures were developed at the beginning of the project to investigate the growing conditions and the properties of such material, however they do not find practical applications as energy harvesting devices.
For the analysed structures, the residual stress produces an upward bending of the beam, after their release. We will show how the application of our stress analysis method enables us to identify the dominant sources of stress in our cantilevers and hence illustrate how it may be applied more generally.
The residual stress in a multilayer beam can be predicted given certain key parameters. We have measured the lattice parameter and Youngs modulus for our samples and used these together with published values for Poissons ratio and thermal expansion coefficients to calculate the residual stress in our samples. We compare these to the stresses determined from the curvature of the beam.
Fabrication and characterization of all oxide cantilevers
We used a KrF excimer laser with a wavelength of 248 nm to grow our films by pulsed laser deposition. A 4 Hz pulse repetition rate is used, the distance between the material target and the substrate is set to 5.7 cm and all the devices were fabricated on (001) oriented SrTiO 3 substrates. The first layer grown is Y Ba 2 Cu 3 O 7 which is used as a sacrificial layer for the release of the beam. This is followed by the Sr RuO 3 /BaTiO 3 /Sr RuO 3 (out of plane or OP) or the BaTiO 3 /MgO/SrTiO 3 (in plane or IP) stack. The BaTiO 3 /SrTiO 3 bilayers (Bi) have been also grown on the top of the sacrificial layer. Our deposition system allows the deposition of only three films in situ, for the Bi structure only three films are necessary so they are grown in situ, for the IP stack first the MgO/SrTiO 3 /Y Ba 2 Cu3O 7 tri-layer is deposited followed by a BaTiO 3 /MgO bilayer, in the case of the OP structure first the BaTiO 3 /Sr RuO 3 /Y Ba 2 Cu 3 O 7 thi-layer is grown followed by a Sr RuO 3 /BaTiO 3 bilayer. The deposition parameters are reported in Table 1 .
In these structures, BaTiO 3 is the piezoelectric layer, Sr RuO 3 acts as an electrode for the OP stacks whilst for the IP stacks, the MgO film is introduced to grow the BaTiO 3 with the polar axis parallel to the surface of the film, and the SrTiO 3 works as buffer layer to improve the interface between the Y Ba 2 Cu 3 O 7 and the MgO film in the IP structure [8] .
The IP structure needs the deposition of a gold top electrode. However the gold deposition is performed at room temperature, so it does not influence the thermal stress analysis which will be developed in the next sections. The cantilever geometry is then defined by contact photolitograpy and argon ion beam milling. To suspend the beam the sample is undercut in 0.1% HNO 3 , rinsed in distilled water and dried using critical point drying in order to avoid stiction problems.
The Young's modulus of the deposited films has been evaluated using nanoindentation measurements. A NanoTest (Micro Materials, UK) employing a diamond-coated Berkovich indenter has been used, to measure the reduced modulus E r of the grown films. The reduced modulus E r is calculated according to the following equation:
dP/dh is the compliance of the contact and A p is the projected contact area, for a Berkovic indenter:
h c is the contact depth and it is equal to:
h max and h r are determinated from the loading unloading data [9, 10] . The Young's modulus is then calculated from the reduced modulus according to the following equation:
E and ν are the Young's modulus and the Poisson's ratio of the specimen under measurements, E i and ν i are the same parameters for the indenter, for a Berkovic indenter the Young's modulus E i is equal to 1141 GPa and the Poisson's ratio is equal to 0.07 [10] . The values of the reduced modulus measured near the top surface of the stack or at the interface between two layers have not been used to calculate the Young's modulus of the grown films. Measurements of the reduced modulus reveal that in the first 10 nm or 15 nm from the top surface of the stack, or from the interface between two layers, the reduced modulus assumes values which are not constant and are not compatible with the bulk Young's modulus of the same material. After the first 10 nm or 15 nm the reduced modulus approches a value compatible with the Young's Modulus measured in the bulk of the same material; such a value is maintained through the thickness of the film until the next interface is reached. Indentations were performed from the top surface down to the desired depth through the multilayer. The indenter was held at load for 60 s, then retracted from the sample at a rate of 0.5 nm/s. Each indentation was separated by 50 μm, to avoid any influence of the previous indentation.
The values reported in Table 2 values are considered they alter the final value of the Young's modulus by less than 10%. X-ray diffraction analysis was performed by using a Siemens D5000 diffractometer. The lattice parameters of the films are reported in Table 3 . When the BaTiO 3 film is grown on the Sr RuO 3 layer in the OP stack, the lattice parameters are consistent with the longer polar axis being perpendicular to the surface of the film, this orientation would suit the d 31 energy harvesting mode. For the IP structures, the in plane lattice parameters are longer than the out of plane ones for BaTiO 3 grown on MgO which is consistent with the polar axis being parallel to the surface of the film, this orientation suits the d 33 energy harvesting mode. In this case the measured polar lattice parameter of 4.002Ȧ appears smaller than the bulk value because it is an average value, as there are two possible orthogonal orientations for the polar axis in the plane of the substrate, with the non polar axis lying in the perpendicular direction in plane.
The SEM analysis has been performed with a Philips XL30S FEG. Figure 2 shows SEM pictures of three of the devices under investigation. Figure 1 (a) shows a 123 μm long, 20 μm wide IP U-shape cantilever, the SrTiO 3 film is 500 nm thick, the MgO layer is 50 nm thick and the BaTiO 3 film is 120 nm thick. Figure 1 (b) shows a 234 μm long, 20 μm wide OP U-shape cantilever, the bottom Sr RuO 3 layer is 350 nm thick, the BaTiO 3 film is 100 nm thick and the Sr RuO 3 top layer is 50 nm thick. Figure 2 (c) shows a 44 μm long, 10 μm wide Bi cantilver, the SrTiO 3 is 500 nm thick and the BaTiO 3 is 120 nm thick.
When the cantilever is undercut it leaves a trace on the substrate Fig. 3 . The deflection of the beam was evaluated by measuring the distance between the trace on the substrate and the top surface of the cantilever. Measurements uncertainties of 300 nm in the y direction and of 1 μm in the x direction have been estimated. To validate the SEM measurements, the deflection of the cantilevers was also measured with a MicroXAM2 interferometer (Omniscan, UK). The interferometer was operated in phase mode employing light of wavelength 510 nm, and at a magnification of 100X. Interferograms were found to be unreliable, due to differences in the reflectivities of the various materials. Instead, the interferometer was operated manually, employing a motorised x, y, z stage with ±0.1 μm resolution. The interferometric fringes were focused on the sample surface and the position of peak light intensity was considered to be the x, y position of interest, whose position could be determined with approximately 
Analysis of the cantilevers
In order to determine the residual stresses in the cantilevers, we must consider the forces distributed over its cross section. These represent a system equivalent to a couple and the resultant of these forces in the x direction must be equal to zero Fig. 1 , [1] . The couple which models the forces along the cross section of the beam generates a moment M. The differential equation describing the deflection curve can be written as:
where I z is the moment of inertia of the cross section of the cantilever [1] . The deflection of the beam is described by a parabola. The U-shape cantilever is mechanically equivalent to a simple cantilever with a beam width equal to twice the real one [11] . So all the relations for the normal beam can be applied to these devices. The deflections of three example cantilevers (on three different samples), one for each layer sequence, have been measured at five different distances (A ; B ; C ; D ; E) from the anchors. The data as example of each layer sequence are presented in Table 4 . Both the SEM and optical data are shown, together with the equation of the parabola through the first, middle and last points A, C and E respectively. Also shown in Table 4 is the radius of curvature for each Table 4 Device type, length, width and co-ordinates (x,y) of three example cantilevers (one for each layer sequence); x is the position of the measurement along the cantilever and y is the deflection. The parabolic equations describing the deflection of the cantilevers through the points (A; C; E) are reported for both the SEM and the interferometer data, the radius of curvatures of each cantilever calculated from Eq. 8 with the parabola obtained from SEM data are also given Device + 0.082x
Fig. 4 Parabola and deflection of the measured points for the 120 μm long, 20 μm wide u-shape cantilever having the OP layer sequence cantilever, calculated from the parabola by using the following expression [1] .
To evaluate the radius of curvature the parabola obtained from the to the SEM data has been considred, this because of the higher resolution associated with the SEM mmeasurements. The parabola describes the deflection of the cantilevers well, as can be seen from Fig. 4 which shows the parabola and the measured points for the analysed OP device. However it has to be emphasized that Eq. 7 is an approximation [1] . A parabola might not be a good approximation generally, in which case an alternative expression should be considered. For the three example devices the deviations in the measured coordinates of B and D from the parabolic approximation are reported in Table 5 . These deviations are in the error range of the SEM coordinates.
As already reported, to validate the method, the deflection of the cantilever has been measured with the interferometer technique. Table 5 also reports the percentage errors on the parabola coefficients a and b obtained from the interferometer measurements respect to the parabola coeffients relative to the SEM data. The percentage errors on a and b , e a and e b respectively, have been calculated from the following expressions:
where a SEM and b SEM are the parabola coefficients calculated from SEM data, while a INT and b INT are the parabola coefficients obtained from interferometer measurements. The coefficient c is not considered as its value does not affect the radius of curvature of the cantilevers.
The longitudinal stress at the free end cross section of each of the three example cantilevers is evaluated by using Eq. 1. The value of the Young's Modulus appropriate for a multilayer system is that of the material with maximum Young's modulus [1] . In fact in a cantilever system with heterogeneus cross section the width of each layer is normalized to the maximum Young Modulus according to transformed section theory Fig. 5 [1] .
To evaluate the longitudinal stress at the cantilever top surface, it is necessary to know the position of the neutral axis in order to calculate the distance between the cantilever's top surface and the neutral axis itself. The expression for the position of the neutral axis in a n-layer film stack is:
where t i is the thickness of the layer i, h i is the position of the baricenter of the layer i, b i,c represents the width of the layer i normalized to the maximum Young 
for the example IP structure the top surface stress is:
finally for the example Bi device the longitudinal stress at the top surface is:
These represent the experimental values of the longitudinal stress at the cantilever top surface.
The same analysis has been performed on other cantilevers belonging to the three analysed samples and having the three layer sequences previously reported. The resulting experimental stresses for all the devices analysed, together with the theoretical values of the longitudinal stresses (which will be discussed in Section 4) are reported in Table 6 .
There are three sources of uncertainty in this analysis. The first source is due to the measurement technique and it is linked to the resolution of the measurement instruments. The second is the curve chosen to approximate the deflection of the beam. The third source of error is due to the fabrication process, this kind of error arises from the undercut and resist resolution.
The uncertainties on the values of the residual stressesσ a ,σ b andσ c have been calculated developing an error analysis on the radius of curvature.
Considering the canonical form of the parabola and Eq. 8, the radius of curvature depends only on the parameters a and b , so the uncertainty in the radius of curvature is dependent on the uncertainty in a and b but not in c.
The radius of curvature of each cantilever was calculated at the free end of the structure, so an error on the length of the cantilever also affects its final value. The principle errors on the cantilever lengths is due to the undercut at the anchors points. Undercuts between 9 μm and 20 μm have been measured.
The uncertainty on the radius of curvature has been evaluated using the following formula:
where a and b are the standard deviations on the parabola factors a and b , they include the instrument and the fitting error; l is the uncertainty on the length of the cantilever due to the undercut and to the resolution of the photoresist. The errors on the radius of curvature are reported in Table 4 . The error in the experimental values of the residual stress can be calculated from the error on the radius of curvature, they are reported in Table 6 .
Theoretical values for the residual stress
Usually vacuum deposited films are in a state of stress. Causes of stress are the mismatch of thermal expansion coefficients between the different layers (thermal stress), the mismatch of lattice constants between the different materials (misfit stress) and the presence of defects in the layers [14] . The theory predicts that an epitaxial layer having a lattice parameter mismatch f with the underneath layer of less than ≈ 9% (as in our case), would grow elastically strained to have the same interatomic spacing of the substrate up to some critical film thickness d c . Beyond d c misfit dislocations are introduced. At this point the initially strained film relaxes because the dislocations release the misfit strain. The critical film thickness d c is expressed by
where ν is the Poisson's ratio, b is the dislocation Burgers vector and f is the lattice misfit of the film. In a multilayer structure for the layer n grown on the layer n − 1 the lattice misfit is defined as f = a n−1 − a n a n (18) where a n−1 and a n are the unstrained lattice parameter of the layers n and n − 1. A positive f implies that the initial layers of the epitaxial film will be stretched in tension, a negative f means film compression [15] . To calculate the value of d c for each film present in the two stacks rather than the modulus of the Burger vector, to first approximation it is possible to consider the spacing between the (001) planes of the different crystal structures. The values of the Poisson's ratios for the grown films are reported in Table 2 [16] [17] [18] [19] [20] . By using the measured lattice parameters we have found that for our layer combinations, the critical thickness is less than 10 nm. The film thicknesses in the two stacks are in the order of hundred of nm, this means that only the thermal stress will be considered in the following stress analysis, as the misfit is released by the generated dislocations. Similar considerations have been also reported in [21] .
The deposition of the cantilever films is performed at temperatures of 740
• C and 780 • C, then the film stack is cooled down to room temperature. The thermal stress will be the result of the differences in the film thermal expansion coefficients.
On a rigid substrate the in plane thermal stress in the layer n applied by the layer n − 1 can be expressed as
where E n is the Young modulus, ν n is the Poisson's ration, α n and α n−1 are the thermal expansion coefficients of the layers n and n − 1, T s is the temperature during the deposition and T a is the temperature during the measurement. Thin films can be considered as two dimensional systems. Equation 19 is the two dimensional extension of the relation reported in [22] . When the Y Ba 2 Cu 3 O 7 is undercut and the beam suspended, the constraint which keeps the multilayer anchored to the substrate is removed. The multilayered structure will bend because of the unbalanced thermal stress present at the film interfaces. Figure 6 Table 2 .
With these values it is possible to calculate the thermal stress at the interface of each film by using Eq. 19. In the OP multilayer structure each film has to be heated to 780
• C during the Sr RuO 3 deposition, so T s is chosen equal to 780
• C. The temperature during the measurement T a , is 20
• C. In this system the algebric sum of the thermal stresses at each interface is:
the minus sign indicates a compressive stress. For the IP multilayer system T s is equal to 740
• C and T a is still 20
• C. The algebric sum of the thermal stresses at each interface is: 
for the MgO − BaTiO 3 interface. In the case of the Bi device, T s is equal to 740
• C while T a is 20
• C, the resulting stress at the BaTiO 3 /SrTiO 3 interface is:
the value of the BaTiO 3 Young's modulus used for the calculations of the stress at the interface of the Bi structures, as suggested by the indentation measurements, is smaller than that one used for the OP and IP devices. This point is further discussed in Section 5. According to Eq. 1, the longitudinal stress in each layer varies linearly with the film thickness.
The cantilevers under investigation have total thicknesses of 500 nm and 670 nm, widths between 10 μm and 20 μm and lengths between 32 μm and 230 μm. So at a first approximation it is possible to consider each layer in the stack as a two dimensional system, this means that the stress will occur only at the interfaces.
For the OP system shown in Fig. 6(a) it is possible to assume that the stress at the top surface of the beam is equal to the sum of the stresses at the SRO 2 /BT O and at the BT O/SRO 1 interfaces, Eq. 24.
This is similar in magnitude to the values determined experimentally for the three OP stacks and in excellent agreement with the experimentally determined stress for one of them, Table 6 . For the IP stacks, the stress at the top surface of the beam will be equal to the sum of the stresses at the BT O/MGO and at the MGO/ST O interfaces, Eq. 25.
In this case we have excellent agreement with all the experimentally determined values, Table 6 . For the Bi device the stress at the top surface is assumed equal to the stress at the BT O/ST O interface:
There is a factor 3 between the experimental and the theoretical values, however a large error is present in the experimental stresses and for two devices the theoretical value falls inside the error range, Table 6 . If the contributions coming from the lattice mismatches are considered the stresses at the interfaces of Fig. 6(a) re given by the sum of the thermal stress and of the stress generated by the lattice mismatch. The stress due to the lattice mismatch generated by the layer n − 1 on the layer n is:
where f is the lattice misfit defined in Eq. 18.
Considering the algebric sum of the stresses at the interfaces of the OP stack, the theoretical longitudinal stress at the top surface is:
this is between five times and one order of magnitude smaller than the experimental values. For the IP devices the introduction of the lattice mismatch in the calculations results in the following top surface stress:
in this case there are two orders of magnitude between experiment and theory. Finally in the case of the Bi cantilevers the contribution of the misfit stress produces the following theoretical value:
also in this case a difference of two orders of magnitude between the experimental and the residual stress is present. Furthermore the positive value of the residual stress at the beam top surface indicates a downward bending of the cantilever, in clear contrast with observations. The values of the residual stress calculated with the contributions of the thermal stress and lattice mismatch are reported in Table 6 . When the contributions of the lattice mismatch are included in the calcultation of the residual stress there is a clear disagreement between theoretical and experimental values, this is why the residual stress is mainly attributed to the differences in the thermal expansion coefficients between the materials of the different layers.
Discussion
There are two different techniques used to evaluate the residual stress in thin films. In the first method the curvature of a flat substrate is measured after the film deposition and the residual stress is evaluated using the Stoney formula [4, 7, 14, 29] .
The assumptions in this method are: the properties of the film-substrate system are such that the film materials contribute negligibly to the overall elastic stiffness; the change in film stress due to substrate deformation is small; the thickness of the film is small compared to the thickness of the substrate and the curvature of the substrate midplane is spatially uniform [5] . Corrections to the original Stoney formula can be made in the case of films having a thickness which is not negligible with respect to the thickness of the substrate.
Thus the Stoney formula may not accurately describe the bending of our cantilever, for example the radius of curvature of the fabricated cantilevers is not uniform along the length of the beam and furthermore in multilayer cantilevers all the films contribute to the overall elastic stiffness.
When this method is applied to a multilayer structure grown on a certain substrate it is assumed that the individual layers in the film are added sequentially and that the mismatch strain in each layer depends only on the substrate but not on the order in which the layers are formed [5] . To evaluate the stress in a multilayer the substrate curvature has to be measured before and after each layer deposition [5, 7] .
All these assumptions can lead to systematic errors in the evaluation of the local residual stresses.
The second technique involves the measurement of the bending of the multilayer structure when all the constraints are removed [14] . This is the method usually used to evaluate the residual stress in released cantilevers. Under the assumption of small deflections, the deflection of the free end is measured [2, 3] , and is used to calculate an approximated value for the radius of curvature (Eq. 2). This is only valid for small deflections of the cantilever free end, and so to calculate a more precise value for the radius of curvature, the method which we proposed can be followed. Measurement of the deflections at different distances from the anchor point is a straighfroward way to experimentally evaluate the residual stress in multilayers cantilevers.
For the OP devices, one of the experimentally determined residual stress values is in good agreement with the theoretical value and the other two are of a similar order of magnitude. All of the experimentally determined residual stress values for the IP devices agree well with the theoretical value. The level of agreement between experiment and theory may be somewhat fortuitous, since there is more than one value available in the literature for key parameters such as the thermal expansion coefficients of the materials. In particular for MgO a different value from that one reported in the table is also found [30] .
Assuming this value for the MgO thermal expansion coefficient, the value for the theoretical residual stress at the top surface of the IP device is:
In the case of Bi devices the magnitude of the absolute error on the parabolic approximations (error on points B and D, Table 5 ) is comparable with the absolute error of the IP and OP structures. The Bi devices experiences deflections which are between three and six times smaller than the deflections experienced by the IP and OP cantilevers, this produces a larger relative error on the parabolic approximation used for the Bi structures. This explains why a bigger error on the residual stress of these cantilevers is present.
For the Bi cantilevers, as already reported in Section 4, the measured value of the Young modulus is smaller than the value measured for BaTiO 3 films grown on Sr RuO 3 or on MgO. This smaller value of 79 GPa is in agreement with that reported in [28] . When the BaTiO 3 is grown on MgO or on Sr RuO 3 its Young's modulus is larger. Further investigation is necessary to understand the origin of such disagreement. It is known that MgO and Sr RuO 3 are stiffer than SrTiO 3 and so an influence of the underlying layer on the Yong's modulus of BaTiO 3 can not be excluded. Furthermore it has to be highlighted that in the Bi structure all the thin films are deposited in situ while for the IP and OP stacks this is not possible because our deposition system allows the deposition of only three layers in situ. In the IP and OP devices before the deposition of the BaTiO 3 the thin film stacks are heated up in oxygen at the deposition temperature and annealed for about 30 mininutes before the deposition. The annealing step can improves the quality of the top surface of the film stack which acts as a seed for the BaTiO 3 deposition. Alternatively, since it is known that heating and cooling cycles can reduce stresses in ceramics like BaTiO3 [13] , stresses in the Bi structures may be higher than those in the IP and OP because the IP and OP structures were grown with extra heating/cooling steps. Thirdly, the Bi structures are smaller than the IP and OP devices so edges effects might contribute to the total longitudinal stress [5] .
Nevertheless for two of the Bi structures the theoretical stress lies with the error range of the experimental value. Therefore we consider that the overall agreement with theory is good and that the mismatch between the thermal expansion coefficients is the main cause of the residual stress in these devices. If instead the lattice mismatches are used to calculate the longitudinal stresses at the top surfaces of the cantilevers, there is adifference of one or two orders of magnitude between theoretical and experimental values. This rules out the lattice mismatch as the cause of residual stress.
We believe that the variation in stress values can arise from variations in deposition parameters, associated with the alignment of the laser ablation plume with the centre of the substrate. For the sample containing the OP structures, two of the devices were much closer to each other than the third device. If the thickness of each layer deposited on the SrTiO 3 substrate were not uniform all over the sample, this would give errors in the position of the neutral axis and according to Eq. 1 an error on the value of the residual longitudinal stress.
Another potential source of variation is the value of the Young's modulus. Measurements show that the values of the Young modulus are not constant through the film thicknesses with variations up to 10% around the central value across the thickness of each film. Another source of error might be due to the not perfect undercut in fact it is possible that material from the top part of the sacrificial layer might remain attached to the bottom surface of the cantilever. Finally other sources of stress like microscopic voids, incorporation of impurities and recrystallization [5, 15] could be present in the deposited films.
To validate the method, the measurements of the deflection of the cantilevers have been also performed with the interferometry technique. The measured valued together with the corresponding parabola are reported in Table 4 . Table 5 reports the percentage errors on the parabola coefficients a and b , e a and e b respectively, obtained from the interferometer measurements respect to the parobola coeffients relative to the SEM data. For the IP and OP devices errors on the coefficients between 5% and 20% seem to validate the method applied on the SEM measurements. For the Bi devices errors on the coefficients over 50% are reported, this is attributed to the smaller resolution associated with the interferometer measurements. The Bi devices have lenghts between 32 μm and 55 μm and experience a maxmimun deflection of the free end equal to 10 μm. For these small deflections, the resolution of the method as consequence of the manual measurement involved does not allow the application of the method on these data.
The SEM measurements present a better resolution than the interferometers data, this is why the radius of curvature and the values of the residual stresses at the top surface of the cantilevers have been calculated from the SEM measurements.
Conclusions
We have shown a method to experimentally determine the curvature of thin film multilayer suspended cantilever structures. This method is applicable for beams with large deflections and which do not present a constant radius of curvature. It enables the radius of curvature at a certain distance from the anchor to be determined accurately. The deflection of the suspended beams is measured at different distances from the anchor point using SEM and interferometer images in this way the expression of the deflection curve is calculated for each cantilever. With this expression it is possible to calculate the value of the radius of curvature at the cantilever free end. Together with measured values for the Youngs Modulus, this enabled us to determine the residual stress in a cantilever. This analysis has been applied to Sr RuO 3 /BaTiO 3 /Sr RuO 3 and BaTiO 3 /MgO/SrTiO 3 piezoelectric cantilevers. These thin film sequences produce BaTiO 3 layers with polar axes oriented out of plane(OP) or in plane(IP) respectively. The OP structures are suited to energy harvesting applications where the d 31 mode is used whilst the IP structures are suited to the d 33 mode. Investigations have been also performed on BaTiO 3 /SrTiO 3 bilayer cantilevers. The results were compared to two models in which the stresses are determined by lattice parameter mismatch or differences in thermal expansion coefficient. The experimentally determined residual stresses of the IP and OP devices were found to agree with the calculated thermal stresses, suggesting that the latter is the source of the curvature, rather than the lattice mismatch. For the Bi structures the experimental stress is three times bigger than the theoretically calculated thermal stress, however in this case a large uncertainty is associated with the experimental values. For energy harvesting applications, the output power of a cantilever increases when its swinging amplitude increases. So in some cases, the bending up, can be used to increase the swinging amplitude of the released beam. In this way it is possible to have swinging amplitudes in the orders of 20 μm without the need to etch the substrate. Using the methods described in this paper, the upward curvature of such cantilevers can be better understood and even tuned by appropriate selection of oxide layers to enhance their performances.
